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FOLLOWING ACUTE KIDNEY INJURY (AKI), complete tissue regeneration results in normal long-term kidney function. In many cases of severe injury and in older individuals, however, AKI frequently results in incomplete recovery because of impaired regeneration of damaged tubular epithelium and capillary endothelial cells, leading to tissue fibrosis. Ischemia-reperfusion injury (IRI) is a commonly used model for reversible AKI. Incomplete repair following severe injury is characterized by tubular atrophy, capillary rarefaction, and fibrosis. The molecular pathways that lead to this loss of function following IRI are not well understood but may involve cell cycle inhibition caused by increased expression of proteins, including the cyclin kinase inhibitors (19) . Inhibition of cell proliferation and changes in secretory phenotype caused by cell cycle arrest may lead to insufficient and abnormal tubular regeneration and angiogenesis following injury (29, 33) .
The INK4a/ARF locus encodes overlapping genes for two proteins, p16 INK4a , a cyclin kinase inhibitor, and p19 ARF , a p53 stabilizer, which are regulated by distinct promoters. Expression of p16 and p19 in normal young kidney cells is low to undetectable. Studies in rodents and in human kidney biopsies demonstrate that p16 levels increase with age and in glomerular disease in proximal tubular epithelial and interstitial cells and correlate with tubular atrophy and interstitial fibrosis (15) (16) (17) . Interestingly, the INK4a proteins are the only cell cycle inhibitors shown to increase with age (11) . The pathological effects of prolonged proximal tubular cell INK4a gene expression following AKI and the potential regenerative effects of INK4a/ARF inhibition are unknown. Decreased INK4a/ARF expression may promote tissue repair and regeneration through multiple mechanisms, including induction of dedifferentiation and proliferation of mature cells as demonstrated in myotubes (18) , prevention of apoptosis, and promotion of adult stem cell self-renewal as demonstrated in the central nervous system and hematopoietic cells (2) . INK4a deletion has also been shown to result in increased tumor angiogenesis (6, 8) , suggesting another possible mechanism for promoting tissue repair.
Activation of the INK4a/ARF locus by DNA damage or aberrant mitogenic signals prevents the growth of abnormal cells, an important mechanism by which the INK4a/ARF locus acts as a major tumor suppressor. Increased INK4a/ARF expression, however, may come at the expense of impaired tissue regeneration. In the present study, we have used INK4a/ARF knockout (KO) mice to examine the effect of INK4a/ARF deletion on tissue regeneration after IRI. Results demonstrate that KO mice have increased tubular cell proliferation and decreased apoptosis during the early reparative phase following injury and decreased long-term capillary rarefaction that may be the result of increased mobilization of proangiogenic myeloid cells.
MATERIALS AND METHODS
Mice strains. Homozygous INK4a/ARF KO mice strain B6.129-Cdkn2a tm1Rdp maintained on a C57BL/6J background were obtained from the NCI mouse repository (strain 01XB1; Frederick, MD). This strain carries a targeted deletion of exons 2 and 3 of the INK4a/ARF locus, which eliminates both p16 and p19. KO mice were identified by genotyping using PCR primers that amplify exon 2 of the INK4a/ARF locus. The INK4a/ARF genotyping primer sense sequence was 5=-TCAACTACGGTGCAGATTCG-3=, and the antisense sequence was 5=-TCGCACGATGTCTTGATGTC-3=. Wild-type (WT) littermate mice were used as controls for all experiments. All animals were housed in accordance with guidelines from the American Association for Laboratory Animal Care and Research Protocols and were ap-proved by the Institutional Animal Care and Use Committees of New York Medical College.
Quantitative PCR. Kidneys were removed aseptically, and RNA was isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA) and quantified using a spectrophotometer (Eppendorf, Hauppauge, NY). cDNA was prepared by reverse transcription of 1 g total RNA using a qScript cDNA synthesis kit (Quanta, Surrey, UK) according to the manufacturer's instructions. Quantitative real-time PCR was performed using PerfeCTa SYBR Green Fastmix Low ROX (Quanta) and the Mx3000 real-time PCR system (Stratagene, La Jolla, CA). Specific primers were designed based on published sequences. The p16 sense sequence was 5=-AACTCTTTCGGTCGTACCCC-3= and antisense was 5=-GCGTGCTTGAGCTGAAGCTA-3=. The p19 sense sequence was 5=-CTGAACCGCTTTGGCAAGAC-3= and antisense was 5=-GCCCTCTCTTATCGCCAGAT-3=. The vascular endothelial growth factor (VEGF) sense sequence was 5=-CAGGCTGCTGTA-ACGATGAA-3= and antisense was 5=-AATGCTTTCTCCGCTCT-GAA-3=. The 18S sense sequence was 5=-TGTCTCAAAGATTA-AGCCATGCAT-3=, and antisense was 5=-AACCATAACTGATT-TAA-TGAGCCATTC-3=. mRNA expression levels were calculated using the ⌬⌬C t method and were reported compared with the reference gene 18S.
Antibodies and reagents. For immunohistochemistry and Western blots, primary antibodies used include: p16 (F-12; Santa Cruz Biotechnology, Santa Cruz, CA), p19 (rat mAb 5-C3-1; Calbiochem, La Jolla, CA), ␣-smooth muscle actin (SMA) (Ab 5694; Abcam, Cambridge, MA), Ki67 (Ab15580; Abcam), ␤-tubulin (clone TUB2.1; Sigma, St. Louis, MO), and platelet-derived growth factor (PDGF)-␤ receptor (clone APB5; eBioscience, San Diego, CA). Donkey antirabbit and anti-mouse secondary antibodies used in Western blots were from GE Healthcare (Piscataway, NJ). Alexa Fluor donkey anti-goat and anti-rabbit secondary antibodies were from Invitrogen (Eugene, OR). Antibodies for flow cytometry were fluorescein isothiocyanate (FITC) anti-Gr-1 and PE anti-CD11b (eBioscience). VEGF and granulocyte colony-stimulating factor (G-CSF) enzymelinked immunosorbent assays (ELISAs) were performed with commercially available kits (Peprotech, Rocky Hill, NJ, and RayBiotech, Norcross, GA) according to the manufacturer's instructions. Tissue lysates were diluted 1:10 in sample buffer for VEGF ELISA, and plasma samples were diluted between 1:1 and 1:100,000 in sample buffer for G-CSF ELISA. Results were reported as means Ϯ SD for three to five samples at each point measured in duplicate. Gr-1 depletion was performed by intraperitoneal injection of 100 g of anti-mouse Ly-6G (clone RB6 -8C5; eBioscience). Control mice were injected intraperitoneally with 100 g rat IgG (BD Biosciences, Carlsbad, CA).
Ischemia-reperfusion injury. Eight-to ten-week-old male mice were anesthetized with ketamine and xylazine. Mice were placed on a heating pad at 37°C. The left renal hilum was identified, and the renal vessels were dissected and clamped for 35 min. The vessels of the right kidney were ligated with sutures, and the kidney was subsequently removed. The midline incision was closed with 3-0 silk sutures.
Immunofluorescence. Kidneys were fixed in 4% paraformaldehyde and frozen in optimum cutting temperature (OCT) medium. Fivemicrometer cryostat sections were cut and applied to Probe-on plus slides (Fisher Scientific, Pittsburgh, PA). Slides were treated with PBS 0.2% Triton X-100 and blocked with 10% goat serum for 1 h. Samples were incubated with primary antibody overnight at 4°C. Secondary antibody was applied the following day. Following washes in PBS, slides were incubated with DAPI (Vector Laboratories, Burlingame, CA) for nuclear staining and examined by immunofluorescence using a Nikon Eclipse 1000 microscope equipped with a charge-coupled device camera. Quantification of capillary area was performed using Adobe Photoshop and NIH ImageJ software.
TdT dUTP nick end-labeling staining. TdT dUTP nick end labeling (TUNEL) staining was performed with a commercially available kit (In Situ Cell Death Detection Kit, TMR Red; Roche, Indianapolis, IN). Following deparaffinization and permeabilization according to the manufacturer's instructions, tissue sections were labeled with TUNEL reaction mixture for 1 h at 37°C. Cells were labeled with Hoechst and examined by immunofluorescence microscopy. Results were reported as mean Ϯ SD TUNEL-positive cells per square millimeter (n ϭ 5 mice/group).
Western blotting. Cells cultures were washed with PBS and lysed in RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 0.5% Triton X-100 in PBS) containing Complete Mini protease inhibitor (Roche) and 2 mM phenylmethylsulfonyl fluoride. Protein concentrations were measured using a Bradford assay (Bio-Rad, Hercules, CA). The protein samples were denatured by adding SDS sample buffer and heating at 95°C for 5 min. Twenty to forty micrograms of sample containing ␤-mercaptoethanol were resolved on 4 -20% Tris glycine polyacrylamide gels. Gels were transferred to polyvinylidene difluoride membranes (Immobilon-P; Millipore, Bedford, MA) and blocked with 5% nonfat dry milk in 0.1% Tween 20 in PBS. The membranes were then incubated overnight at 4°C with primary antibody in blocking buffer. This was followed by washing and 1 h incubation with an appropriate horseradish peroxidase-conjugated secondary antibody. Protein bands were detected by chemiluminescence using a commercial kit (Thermo Scientific, Rockford, IL) according to the manufacturer's instructions. For quantification of protein levels, autoradiographs were scanned with the Scion Image densitometry program, and results were corrected for variations in the amount of protein loaded on each lane using corresponding ␤-tubulin levels.
Matrigel assay. Eight-to ten-week-old WT and INK4a/ARF KO male mice were anesthetized with ketamine and xylazine. Three hundred microliters of growth factor-reduced Matrigel (BD Biosciences) diluted to 10 mg/ml with minimal essential medium were injected subcutaneously. Mice were injected with 100 g of intravenous 500,000 mol wt dextran (Invitrogen) 5 min before death. Matrigel plugs were removed after 10 days and fixed in 4% paraformaldehyde. Plugs were embedded in paraffin for hematoxylin and eosin staining or OCT for cryostat sections for immunofluorescence staining. For Gr-1 depletion, KO mice were injected intrperitoneally with 100 g of anti-mouse Ly-6G 1 and 4 days after plug implantation.
Aortic ring angiogenesis assay. Thoracic aortas were removed from WT and INK4a/ARF KO mice using sterile technique. Surrounding connective tissue was removed completely followed by washes in EGM-2 medium (Lonza, Walkersville, MD). One-millimeter slices were placed between two layers of growth factor-reduced Matrigel (10 mg/ml) and incubated with EGM-2 medium. Capillary outgrowth was measured after 2 wk using Metamorph software.
Flow cytometry. Kidneys were removed aseptically and digested using a modification of the method of Vielhauer et al. (30) . The minced kidney was treated with 1 mg/ml collagenase in Hanks' balanced salt solution (HBSS) for 20 min at 37°C with shaking. After being washed with HBSS, the kidney digest was treated with HBSS with 2 mM EDTA for 20 min at 37°C with shaking. The kidneys were centrifuged at 250 g for 5 min. The supernatant was reserved and kept on ice. The pellet was resuspended in 1 mg/ml collagenase in HBSS and incubated for 20 min at 37°C with shaking. These cells were passed through a 20-gauge needle three times. The digest was then placed on ice for 5 min, after which the supernatant was collected and combined with the previously reserved supernatant. The cells were washed in HBSS and passed through a 40-m filter. The cells were resuspended in 36% Percoll and overlaid upon 70% Percoll. A Percoll gradient was formed upon centrifugation at 1,000 g for 30 min. The cells from the interface of the two Percoll concentrations were resuspended in 100 l of PBS with 2% FBS and 0.01% sodium azide and incubated with primary antibodies at 4°C for 45 min. Ten microliters of propidium iodide were added for the final 15 min of the antibody incubation. The cells were washed and then fixed with 4% paraformaldehyde for 10 min, washed, and resuspended in PBS with 2% FBS and 0.01% sodium azide.
Flow cytometry was performed using a MACSQuant cytometer (Miltenyi, Bergisch Gladbach, Germany). Dead cells were excluded on the basis of staining positive for propidium iodide. Results are reported as means Ϯ SE.
Statistical analysis. Data were collected from three to six independent experiments and presented as means Ϯ SD. A Student's t-test was used to compare two series of data. A P value of Ͻ0.05 was considered significant.
RESULTS

INK4a/ARF gene expression is increased in tubular epithelial cells following IRI.
INK4a/ARF proteins are expressed at low levels in young adult organs, including the kidney, and increase with age (11) . Previous work from our laboratory and others showed that p16 is detected in interstitial fibroblasts, glomerular mesangial cells, and collecting duct epithelial cells in the normal mouse kidney (14, 46) . As part of the DNA damage response program, INK4a/ARF gene expression is increased following cell injury (3). This suggested a possible role in controlling repair following kidney injury. To determine if p16 and p19 expression is increased following acute injury, we examined RNA and protein levels at various time points following IRI. qRT-PCR showed a marked and persistent increase in p16 and p19 levels within 1 day following IRI with contralateral nephrectomy in 2-to 3-mo-old mice. One week following IRI, p16 mRNA levels were increased up to 35-fold (Fig. 1A) . Levels peaked at 100-fold compared with shamoperated mice 28 days following IRI and were still elevated significantly at 42 days, a time when kidney regeneration is usually complete. qPCR using proximal tubules isolated from these mice as previously described (32) demonstrated a 10-to 100-fold increase in p16 and p19 levels compared with total kidney RNA (data not shown), consistent with localization in this tubule segment. By immunofluorescence, increased p16 expression was detected in proximal tubular nuclei in damaged areas of the outer medulla beginning at 1 day following ischemia (Fig. 1, B-D) . p19 levels showed greater variability by qPCR, peaking at 3 days following IRI followed by a second, nonsignificant increase at day 14. By Western blot analysis, p16 (Fig. 1E) and p19 (Fig. 1F ) levels were increased significantly by 1-3 days following IRI and returned to baseline levels by 42 days.
INK4a/ARF deletion results in improved kidney regeneration and decreased capillary rarefaction following IRI. The early and persistent increase in p16 and p19 levels as a result of IRI suggested that increased INK4a/ARF gene expression may be at least partly responsible for incomplete kidney regeneration and the development of capillary rarefaction and fibrosis. To examine this possibility, we compared: 1) tubular cell apoptosis and proliferation following injury, 2) functional recovery by creatinine assays, and 3) the expression of VEGF and capillary density in WT and INK4a KO mice (22) following IRI. Compared with WT mice, KO mice had a 10-fold decrease in outer medullary tubular cell apoptosis by TUNEL staining (Fig. 2, A-E ) and no change in cleaved caspase-3 (Fig. 2, F and  G) . Tubular cell proliferation in KO mice was increased fivefold compared with WT mice (Fig. 2, H-J) . These differences were associated with a 20% decrease in creatinine in KO mice (Fig. 2K) during the early recovery period (days 2-5) following IRI.
To determine if decreased INK4a/ARF expression can ameliorate capillary rarefaction following IRI, we examined capillary density in WT vs. KO mice. Cortical and medullary peritubular capillary density, determined by the area of CD31 staining as a percentage of tubular area, decreased by ϳ80% at 28 days following IRI before recovering to a 60% decrease by day 42, whereas capillary area decreased by only 30% at 28 days in K0 mice before recovering to baseline levels by day 42 (Fig. 3) .
To determine if INK4a/ARF KO results in increased angiogenesis, vessel formation in subcutaneous Matrigel plugs was compared between WT and KO mice. INK4a/ARF KO mice demonstrated a twofold increase in vessel formation compared with WT mice as shown in Fig. 4A . The structural organization of the Matrigel vessels was examined by intravenous injection of FITC dextran before plug removal and immunofluorescence labeling for capillary markers. As shown in Fig. 4 , Matrigel plugs from KO mice displayed higher levels of CD31 and FITC dextran signal (Fig. 4C ) compared with WT mice (Fig.  4B) , suggesting the formation of perfused vessel-like structures. FITC dextran-perfused vessels in KO mice were also closely associated with PDGF-␤ receptor-positive cells (Fig.  4D) , suggesting that these vessels had pericyte coverage characteristic of stable capillary tubes.
Unlike other organs, kidney VEGF levels are decreased following IRI during the early repair period from 1 to 7 days following ischemia and may result in capillary rarefaction.
Administration of VEGF during the early regenerative phase resulted in attenuation of capillary loss and long-term functional protection (12) . To determine if decreased INK4a expression following IRI is associated with increased VEGF levels, VEGF expression in WT and KO mice was compared by ELISA (Fig. 5 ) of kidney lysates. VEGF levels were decreased significantly in WT mice from 1 to 14 days following IRI, as previously reported, with partial recovery by 28 days. KO mice demonstrated a 70% reduction at 1 day postischemia followed by a fourfold elevation at day 3 compared with WT mice. 
Increased G-CSF levels result in mobilization of angiogenic myeloid cells in INK4a/ARF KO mice.
Following IRI, kidneys display a biphasic inflammatory response consisting of chemotactic and both inflammatory and anti-inflammatory cytokines. While the initial cytokine peak is produced predominately by influx of leukocytes, during the reparative phase 1-2 wk later, surviving tubular epithelial cells also produce growth factors and cytokines that may coordinate both epithelial and microvascular repair (29) . Preliminary results from our laboratory using a Luminex multiplex ELISA assay show that INK4a/ARF KO mice have a highly exaggerated early (1-3 days following ischemia) inflammatory response following injury. This consists of 100-fold increased production of inflammatory cytokines IL-6 and IL-8 following injury that are detected in both kidney and blood and a 100-fold decrease in the production of the anti-inflammatory cytokine IL-10 compared with WT mice (data not shown).
Gr-1 ϩ /CD11b ϩ myeloid cells (a heterogeneous mixture of myeloid progenitors, monocytes, and neutrophils) are mobilized by G-CSF and have been shown to have an important role in angiogenesis following ischemia and in tumors (10, 34) by secretion of angiogenic factors and matrix metallopeptidases that may increase VEGF bioavailability. Because of G-CSF's regenerative and angiogenic effects, we chose to study this factor and recruitment of Gr-1 ϩ /CD11b ϩ myeloid cells in more detail.
Measurement of plasma G-CSF levels following IRI by ELISA demonstrated marked elevations 1 day following ischemia in both WT and KO mice. At later time points, an 18-fold increase in KO compared with WT mice at days 7 and 14 was detected ( Table 1) .
The increased G-CSF levels in KO mice at later time points following ischemia suggested that increased mobilization of bone marrow-derived cells, including proangiogenic Gr-1 ϩ / Fig 
/Cd11b
ϩ cells was confirmed by fluorescence-activated cell sorter analysis of kidney digests at 14 days ( Table 2 ). As shown in Fig. 6 , Gr-1-depleted KO mice displayed absence of VEGF expression in infiltrating CD11b ϩ cells (Fig. 6D ) compared with control IgG-treated KO mice (Fig. 6C) . This was associated with an 80% reduction in kidney VEGF mRNA expression (Fig. 6I ) and a 10-fold reduction in serum G-CSF (Fig. 6H) compared with control mice. The marked reduction in these angiogenic factors was associated with a 60% reduction in capillary density (Fig. 6, E, F, and K) , a fivefold increase in medullary myofibroblast ␣-SMA expression (Fig.  6, A, B, and G) , and a 30% increase in creatinine 14 days following IRI (Fig. 6J) .
The role of Gr-1 ϩ cells in angiogenesis was also examined by Matrigel plug assays in WT and KO mice. Vessel-like structures with dextran perfusion were associated with increased numbers of Gr-1 ϩ cells in KO mice (Fig. 4F ) compared with WT mice (Fig. 4E) . Treatment of KO mice with a Gr-1 ϩ -depleting antibody following plug implantation resulted in decreased capillary formation at 7 days (Fig. 4G) . To determine if KO mice display increased in vitro angiogenesis in the absence of circulating factors, aortic ring angiogenesis assays were compared between WT and KO mice. As shown in Fig. 4H , no significant difference in capillary sprouting was seen between mice at 10 days following ring implantation in Matrigel. Together, these results suggest that the angiogenic effect of INK4a/ARF deletion following AKI may be because of increased G-CSF production and resulting infiltration of angiogenic Gr-1 ϩ /CDllb ϩ neutrophils or myeloid progenitor cells.
DISCUSSION
The INK4a/ARF locus is activated by DNA damage and has an important role in preventing aberrant cell proliferation. In addition to its important function as a tumor suppressor as Values are means Ϯ SE. *P ϭ 0.0008 vs. WT. **P ϭ 0.03 vs. WT. †P ϭ 0.01 vs. KO. demonstrated in KO mice (22) , INK4a/ARF gene expression increases with age and following chronic kidney injury and has been shown to induce cell senescence by its downstream mediators Rb, p21, and p53. In this study, we demonstrate that INK4a/ARF gene expression is also increased for up to 42 days after AKI. Significant variability in p16 and p19 expression was noted by both qPCR and Western blot at 28 and 42 days and likely correlates with the amount of residual kidney injury and fibrosis as a result of varying degrees of injury following surgery. Knockout of the INK4a/ARF locus results in increased tubular cell proliferation, decreased apoptosis, and decreased capillary rarefaction. The mechanisms by which such capillary preservation occurs may involve increased mobilization of proangiogenic myeloid cells in KO mice.
Decreased INK4a and ARF gene expression has been hypothesized to promote tissue regeneration by increasing stem cell self-renewal (2, 13, 35) , decreasing senescence-associated secretory phenotypic changes, including increased production of fibrosis-inducing factors by fibroblasts and epithelial cells (3) , and induction of somatic cell dedifferentiation and proliferation following injury (18) . Results from this study suggest that the regenerative effect of INK4a/ARF deletion may also be the result of increased angiogenesis. Forty two days following IRI, KO mice demonstrated preserved peritubular capillary density in contrast to a 60% reduction in WT mice. This decrease in capillary density in WT mice is larger than the 30 -50% decrease following IRI reported in a previous study (1) , a difference that is likely the result of different methods used to measure capillary area.
The role of INK4a/ARF gene expression in inhibiting angiogenesis has not been clear. Recent studies using p16 and p19 KO mice have demonstrated that loss of p16 results in increased tumor angiogenesis by contributing to increased VEGF levels, an effect that can be reversed by exogenous expression of p16 (6, 7, 27) . The INK4a/ARF locus may also regulate angiogenesis by controlling growth and differentiation of pericytes. p19 was demonstrated to reduce pericyte PDGF-␤ receptor expression and proliferation in the developing mouse retina (26) , resulting in loss of capillaries and blindness. p19 also inhibits NF-B and c-myc activity, factors that have been implicated in promoting angiogenesis through their proinflammatory activity and may also inhibit angiogenesis by nucleolar sequestration of hypoxia-inducible factor-1␣ and control of VEGF mRNA translation (9, 20, 21, 23, 26) . Our results demonstrate that INK4a KO mice have a twofold increase in vessel formation by Matrigel plug angiogenesis assays compared with WT mice. The formation of organized, perfused vessels in Matrigel plug assays without addition of growth factors such as fibroblast growth factor 2 or VEGF usually occurs at very low levels (28) , suggesting that KO mice have increased angiogenic potential, a characteristic that may add to the tumor-promoting effect of INK4a/ARF deletion. Aortic ring assays from KO mice, however, show decreased capillary sprouting compared with WT mice, suggesting the possibility that circulating factors may be responsible for the observed increased angiogenesis and decreased capillary rarefaction in KO mice. Previous work from our laboratory demonstrated that KO mice have a highly exaggerated inflammatory response following kidney injury by unilateral ureteral obstruction (32) , suggesting that the observed differences in KO mice using the reversible injury model of IRI may be because of increased reparative cytokine or chemokine production. Immunoassays for inflammatory cytokines showed Ͼ100-fold increased kidney IL-8 levels and an ϳ18-fold increase in G-CSF levels at 7-14 days following IRI. These results suggested that increased infiltration of proangiogenic circulating cells may have an important role in the observed effects.
G-CSF promotes tissue regeneration by both recruitment of bone marrow-derived cells and direct anti-apoptotic effects on tubular epithelial cells (14) . In a mouse model of hind limb ischemia, G-CSF increased VEGF production by Gr-1 ϩ neutrophils, increased systemic VEGF levels, and improved angiogenesis. This was associated with an increase in VEGFexpressing Gr-1 ϩ cells detected in ischemic muscle (10 (25) . Gr-1 ϩ /CD11b ϩ cells are increased in tumors refractory to anti-VEGF therapy and are able to increase tumor growth and angiogenesis when implanted in tumors or mobilized by G-CSF (5). The role of the INK4a/ARF locus in the angiogenic function of these cells remains unknown. Depletion of Gr-1 ϩ cells resulted in decreased capillary density and increased medullary ␣-SMA expression, a change that may be the result of increased endothelial-myofibroblast transition. Together, these results suggest that the increased angiogenesis observed in Matrigel assays and decreased capillary rarefaction in KO mice following injury may be because of an increased proangiogenic effect of circulating myeloid cells. The literature presents conflicting evidence as to the mechanism by which these circulating Gr-1 ϩ /CD11b ϩ myeloid cells promote angiogenesis. In an hind limb ischemia model, increased angiogenesis was shown to be at least partly due to these cells' capacity to differentiate into vascular cells (10) . Gr-1 ϩ /CD11b ϩ cells have also been found to incorporate into tumor endothelium and acquire endothelial markers (34) . On the other hand, Gr-1 ϩ /CD11b ϩ treatment has also been found to promote angiogenesis without direct incorporation into capillary walls (4, 24) , presumably through paracrine effects, including production of VEGF. Additional experiments, including examination of the effect of bone marrow transplant from KO donor mice into WT recipients, are necessary to determine if the observed effects are because of changes in myeloid cell phenotype due to INK4a deletion or to changes in the kidney microenvironment that promote increased myeloid cell infiltration and angiogenic function.
The INK4a/ARF locus has been shown to have a critical role in promoting myeloid cell differentiation and prevention of leukemia (31) , suggesting that KO mice may have relatively immature granulocytes with increased angiogenic capabilities. Our results add an additional possible mechanism for the tumor suppressor function of this gene. Additional experiments examining the role of Gr-1 ϩ /CD11b ϩ cells in tumors in INK4a/ ARF KO mice may help to support this possibility.
Results from this study using INK4a/ARF deletion do not differentiate between the effects of p16 and p19 and are complicated by the pleiotropic effects of knockout of this gene.
Future experiments using selective p16 and p19 KO mice and cell-specific INK4a/ARF knockouts in tubular epithelial cells, infiltrating leukocytes, and endothelial cells will be necessary to provide definitive evidence of which cell types mediate the angiogenic effect of INK4a/ARF deletion.
The present study examines the effect of INK4a/ARF deletion on kidney regeneration and repair. INK4a/ARF levels increase with aging in the kidney and other organs (11) . Results from this study suggest the possibility that the decreased tissue regeneration and capillary loss following injury associated with aging may the result of increased INK4a/ARF gene expression. Future studies using INK4a/ARF-overexpressing mice or conditional knockout of INK4a in aging mice can be performed to examine this possibility.
In summary, results from this study demonstrate that INK4a/ ARF locus expression is increased in tubular epithelial cells for a prolonged period following IRI. INK4a/ARF gene deletion results in improved kidney regeneration based on evidence of increased tubular cell proliferation and decreased apoptosis immediately following injury. Following the initial reparative phase, INK4a KO mice also display a marked decrease in capillary rarefaction compared with WT mice, a difference that may be mediated by increased plasma G-CSF levels and increased kidney infiltration with angiogenic myeloid cells.
